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 6 
Abstract 7 
The phosphate mineral brazilianite NaAl3(PO4)2(OH)4 is a semi precious jewel. There are 8 
almost no minerals apart from brazilianite which are used in jewellery.  Vibrational 9 
spectroscopy was used to characterise the molecular structure of brazilianite. Brazilianite is 10 
composed of chains of edge-sharing Al-O octahedra linked by P-O tetrahedra, with Na 11 
located in cavities of the framework.  An intense sharp Raman band at 1019 cm-1 is attributed 12 
to the PO43- symmetric stretching mode.  Raman bands at 973 and 988 cm-1 are assigned to 13 
the stretching vibrations of the HOPO33- units. The infrared spectra compliment the Raman 14 
spectra but show greater complexity. Multiple Raman bands are observed in the PO43- and 15 
HOPO33- bending region. This observation implies that both phosphate and hydrogen 16 
phosphate units are involved in the structure.  Raman OH stretching vibrations are found at 17 
3249, 3417 and 3472 cm-1. These peaks show that the OH units are not equivalent in the 18 
brazilianite structure.  Vibrational spectroscopy is useful for increasing the knowledge of the 19 
molecular structure of brazilianite.      20 
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Introduction 23 
The phosphate mineral brazilianite NaAl3(PO4)2(OH)4 is an anhydrous phosphate mineral 24 
with hydroxyl groups [1, 2].  The mineral is related to the mineral wardite, at least in formula 25 
NaAl3(PO4)2(OH)4·2H2O.  Brazilianite is an unusual gemstone mineral of a yellowish-green 26 
colour [3, 4]. It is one of the only phosphate minerals to be used as a serious gemstone. 27 
Although the phosphate mineral apatite is cut into jewels it is not considered as a gemstone 28 
like brazilianite. An image of the brazilianite mineral sample is given in Figure S1.  (This 29 
image was made by one of the authors (YX). Brazilianite may be confused with other 30 
minerals such as amblygonite, apatite, chrysoberyl, precious beryl, and topaz.  The mineral 31 
brazilianite is monoclinic with point group 2/m. the cell data is space group P21/n with 32 
a=11.229, b=10.142, c=7.098; β =97 °41’ and Z=4 [1, 5].  The hydrothermal mineral in 33 
phosphate-rich zones of granite pegmatites and in metamorphosed sedimentary deposits  [6].  34 
According to Gatehouse and Miskin [5],  brazilianite is composed of chains of edge-sharing 35 
Al-O octahedra linked by P-O tetrahedra, with Na located in cavities of the framework. 36 
Raman spectroscopy has proven very useful for the study of minerals [7-15].  Indeed, Raman 37 
spectroscopy has proven most useful for the study of diagenetically related minerals as often 38 
occurs with minerals containing phosphate and arsenate groups.  This paper is a part of 39 
systematic studies of vibrational spectra of minerals of secondary origin in the oxide 40 
supergene zone. The objective of this research is to report the Raman spectra of brazilianite 41 
and to relate the spectra to the molecular structure of the mineral.  42 
 43 
Experimental 44 
Mineral 45 
The mineral brazilianite was supplied by the Mineralogical Research Company.  The 46 
mineral originated from Córrego Frio mine, Linópolis, Divino das Laranjeiras, Doce 47 
valley, Minas Gerais, Brazil. The mineral sample is defined as a ‘type’ mineral and is 48 
used as a reference for this type of mineral and its structure. Details of the mineral have 49 
been published (page 79) [6].  The mineral has been discovered in a significant number 50 
of places worldwide [16] [6].   51 
Raman spectroscopy 52 
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Crystals of brazilianite were placed on a polished metal surface on the stage of an Olympus 53 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 54 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 55 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 56 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 57 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 58 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 59 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Spectra were 60 
calibrated using the 520.5 cm-1 line of a silicon wafer.   61 
A spectrum of brazilianite is provided on the RRUFF data base. The spectrum has been 62 
downloaded and is shown in the supplementary information.  Figures S2 to S4 show the 63 
spectra of brazilianite from the RRUFF data base. 64 
Infrared spectroscopy 65 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 66 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 67 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 68 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 69 
are given in the supplementary information.   70 
 71 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 72 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 73 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 74 
that enabled the type of fitting function to be selected and allows specific parameters to be 75 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 76 
function with the minimum number of component bands used for the fitting process. The 77 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 78 
undertaken until reproducible results were obtained with squared correlations of r2 greater 79 
than 0.995.  80 
Results and Discussion 81 
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Background 82 
In aqueous systems, the Raman spectra of phosphate oxyanions show a symmetric stretching 83 
mode (ν1) at 938 cm-1, an antisymmetric stretching mode (ν3) at 1017 cm-1, a symmetric 84 
bending mode (ν2) at 420 cm-1 and a ν4 bending mode at 567 cm-1 [17-19]. S.D. Ross in 85 
Farmer (page 404) listed some well-known minerals containing phosphate which were either 86 
hydrated or hydroxylated or both [20]. The PO2 symmetric stretching mode occurs at 1072 87 
cm-1 and the POH symmetric stretching mode at ~878 cm-1. The POH antisymmetric 88 
stretching mode was at 947 cm-1 and the P(OH)2 bending mode at 380 cm-1.  The band at 89 
1150 cm-1 was assigned to the PO2 antisymmetric stretching mode.  The position of these 90 
bands will shift according to the crystal structure of the mineral.  91 
 92 
The Table 17.III reports the band positions of a wide range of phosphates and arsenates [20].  93 
The band positions for the monohydrogen phosphate anion of disodium hydrogen phosphate 94 
dihydrate is given as ν1 at 820 and 866 cm-1, ν2 at around 460 cm-1, ν3 as 953, 993, 1055, 95 
1070, 1120 and 1135 cm-1, ν4 at 520, 539, 558, 575 cm-1. The POH unit has vibrations 96 
associated with the OH specie.  The stretching vibration of the POH units was tabulated as 97 
2430 and 2870 cm-1, and bending modes at 766 and 1256 cm-1.  Water stretching vibrations 98 
were found at 3050 and 3350 cm-1. The position of the bands for the disodium hydrogen 99 
phosphate is very dependent on the waters of hydration. There have been several Raman 100 
spectroscopic studies of the monosodium dihydrogen phosphate chemicals [21-25]. 101 
Spectroscopy 102 
The Raman spectrum of brazilianite in the 100 to 4000 cm-1 region is displayed in Figure 1a. 103 
This spectrum shows bands around 3600 cm-1 and in the 100 to 1100 cm-1 region. There are 104 
large regions of the spectrum where no bands are observed. Thus, the spectrum is subdivided 105 
into sections as a function of the type of vibration being observed. The Raman spectrum of 106 
brazilianite downloaded from the RRUFF data base is given in Figure S2. The infrared 107 
spectrum of brazilianite in the 500 to 4000 cm-1 is reported in Figure 1b. Again there are 108 
whole parts of the spectrum where no intensity is observed.  Thus, the spectrum is subdivided 109 
into sections depending on the vibrating units and their characteristic bands. The Raman 110 
spectrum of brazilianite in the 800 to 1400 cm-1 region is shown in Figure 2a. The infrared 111 
spectrum of brazilianite in the 500 to 1300 cm-1 region is shown in Figure 2b.  The Raman 112 
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spectrum of brazilianite in the 800 to 1400 cm-1 region, down loaded from the RRUFF data 113 
base is reported in Figure S3.The sharp intense Raman band at 1019 cm-1 is assigned to the ν1 114 
PO43- symmetric stretching mode. The series of bands on the higher wavenumber side of this 115 
peak at 1037, 1074, 1117 and 1150 cm-1 are assigned to the ν3 PO43- antisymmetric stretching 116 
modes.  The bands on the low wavenumber side of the 1019 cm-1 peak are thought to be 117 
associated with hydrogen phosphate units.  The Raman spectrum of brazilianite down loaded 118 
from the RRUFF data base shows a spectrum identical to that reported in this work. An 119 
intense Raman band at 1018 cm-1 is found.  Bands on the high wavenumber side in the 120 
RRUFF spectrum are observed at 1037, 1079, 1116, 1141 cm-1.  Raman bands on the low 121 
wavenumber side of the major peak in the RRUFF spectrum are found at 950, 973 and 988 122 
cm-1. The infrared spectra show complexity with a series of overlapping bands in contrast to 123 
the Raman spectrum where better band separation is observed. A  low intensity band is 124 
resolved at 1020 cm-1 which seems to correspond to the symmetric stretching mode. The 125 
intense bands at 1045, 1093, 1138 and 1164 are assigned to the ν3 PO43- antisymmetric 126 
stretching modes.  The band at 970 cm-1 is attributed to the ν1 HPO42- symmetric stretching 127 
vibration.   128 
 129 
The Raman spectrum of brazilianite in the 300 to 800 cm-1 is displayed in Figure 3a. The 130 
spectrum of brazilianite downloaded from the RRUFF web site is displayed in Figure S4. 131 
This spectral region is where the phosphate bending modes are found. The series of Raman 132 
bands at 534, 563, 599, 615, 636 and 660 are assigned to the ν4 out of plane bending modes 133 
of the PO43- and HOPO32- units.  Raman bands from the RRUFF brazilianite spectrum are 134 
observed at 507, 531, 561, 597, 631 and 657 cm-1. A series of infrared bands are observed in 135 
the 570 to 755 cm-1 region (Figure 2b).   Bands are observed at 615, 639, 666, 719, 754 and 136 
795 cm-1 and are attributed to the ν4 out of plane bending modes of the PO43- and HOPO32- 137 
units.  The Raman bands at 414, 441 and 466 cm-1 are attributed to the ν2 PO43- bending 138 
modes.  In the RRUFF spectrum Raman bands are observed at 410, 425 and 471 cm-1. The 139 
two bands at 319 and 358 cm-1 are attributed to AlO stretching bands.  These bands may be 140 
due to OAlO skeletal stretching vibrations. Raman bands in the RRUFF spectrum are 141 
observed at 320, 349 and 357 cm-1. The series of Raman bands in the 100 to 300 cm-1 region 142 
are simply described as lattice vibrations (Figure 3b).  The RUFF Raman spectrum in this 143 
spectral region is provided in Figure S5.   144 
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The Raman spectra in the hydroxyl stretching region are reported in Figure 4a.  145 
Intense Raman bands are observed at 3417 and 3472 cm-1 with a band of lesser intensity at 146 
3249 cm-1. These bands are assigned to the OH stretching vibrations of the OH units in the 147 
brazilianite structure.  The infrared spectrum of the OH stretching region is displayed in 148 
Figure 4b.  Infrared bands are observed at 3262, 3415 and 3468 cm-1.  The observation of 149 
multiple bands seems to suggest that the OH units are not all identical in the brazilianite 150 
structure.  The absence of water in the structure is confirmed by the spectra in the water 151 
bending vibrations where no bands are observed (Figures 5a and 5b) 152 
 153 
Conclusions  154 
Raman spectroscopy and infrared spectroscopy have been used to characterise the molecular 155 
structure of the mineral brazilianite NaAl3(PO4)2(OH)4.  Brazilianite has a formula almost 156 
identical to that of wardite NaAl3(PO4)2(OH)4·2H2O.   The molecular structure of brazilianite 157 
is not as simple as perhaps the X-ray diffraction patterns would suggest. Multiple bands are 158 
observed in each of the spectral regions. The Raman spectrum of brazilianite shows a series 159 
of sharp bands which are assigned to the PO43- and HOPO33- stretching vibrations. Multiple 160 
OH stretching vibrations are observed showing that the OH units are not equivalent in the 161 
brazilianite structure.   162 
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